The aim of this study was to investigate the role of microflow imaging (MFI) of contrast-enhanced ultrasound (CEUS) for evaluating microvascular architecture of different types of peripheral lung cancer (PLC) and to explore the correlated pathological basis.
Introduction
Lung cancer is one of the most common malignancies worldwide, and its incidence is increasing annually, especially in China. [1] A large number of lung nodules remains undetermined after bronchoscopy, radiological imaging analysis. [2] Ultrasound can contribute to the determination of the nature of peripheral lung tumors, serving as an important aid in decision-making. [3, 4] However, transcutaneous ultrasound enables visualization of pleural-based lesions but with a poor correlation to specific pathology. Contrast-enhanced ultrasound (CEUS) could provide more information of blood perfusion in tumors than gray scale ultrasound. It might present a possibility for improving diagnosis of PLCs with the development of CEUS. The result could be similar with computed tomography (CT). [5] So far, the enhancement patterns and parameters of CEUS in lung lesions have drawn more and more attention in the clinic. [6] Particularly, the blood supply of lung malignant tumor was important but disputable. [7] [8] [9] Thus, a more visualized and stabilized method to evaluate the neovascularization needs to be evaluated.
Microflow imaging (MFI) technique, a new method of CEUS, could be used for evaluating the neovascularization of tumors. [10, 11] The principle is that ultrasonography system started the maximum-holding imaging processing to trace the position of the moving bubbles with high sensitivity after contrast agent injected in the cardiovascular system. Then, a trace of microbubbles in a temporal dimension can be clearly depicted. It reflects the tumorous microvascular architecture in the scanning area. [12] On the basis of accumulation effect, MFI has a stronger signal at visualizing microvascular architecture in the lesion than conventional contrast images, even though the number of microbubbles in these vessels is very small, or flow is very slow. [13] Editor: Kevin Harris.
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To our knowledge, it is the first study to apply this new technique of CEUS to the assessment of neovascularization of PLCs. In the present study, we aim to evaluate the role of MFI for the distinction of common histopathological types of PLC and to explore the correlation between pathological basis and the microvascular patterns, in order to provide more information for the further diagnosis and therapy.
Methods

Subjects and methods
This study was approved by the ethics committee of Peking University Cancer Hospital and Institute, and written informed consent was obtained from each patient before the CEUS and MFI examination.
Patient population
From January 2011 to May 2014, 205 consecutive patients with peripheral lung lesions displayed with conventional ultrasound performed CEUS and MFI examination in our department; all of them had undergone chest CT before these examinations. Among them, 95 patients had final diagnosis as primary peripheral lung cancers by pathology results and enrolled in this study. All the 95 histopathologic results were obtained by ultrasound-guided transthoracic biopsy. Among them, 59 were males and 36 were females; their age ranged from 21 to 79 years (mean age 62.7 ± 11.4 years). The size of tumors ranged from 1.7 to 13.8 cm (mean size 6.2 ± 2.6 cm). Pathologic analysis revealed that 35 patients were squamous cell carcinomas, 45 were adenocarcinomas, and the rest 15 were SCLCs. The baseline characteristics of these patients are summarized in Table 1 .
Contrast agent and sonography procedures
The sonography contrast agent used was SonoVue (Bracco, Italy), supplied as a lyophilized powder and reconstituted with 5 mL of saline to form a homogeneous microbubble suspension that contained 8 mL/mL of sulfur hexafluoride stabilized by a phospholipid shell. The mean microbubble diameter was 2.5 mm with a pH value of 4.5 to 7.5. SonoVue was administered intravenously (IV) as 2.4 mL boluses through the antecubital vein in 2 to 3 seconds. The CEUS equipment used was a Logiq E9 sonography system (GE Healthcare, Chicago, IL, USA) with realtime gray-scale contrast tuned imaging and a 3.0 to 5.0 MHz C1-5 probe (GE Healthcare, Chicago, IL, USA).
With the reference of chest CT before the examination, a dynamic CEUS was performed after the lesion was identified. The focus depth was beyond the region of interest. The mechanical index (MI) was adjusted to about 0.11 to 0.13. The region of interest was continuously observed over 5 minutes from the time of injection. The dynamic image was recorded on the local disk of the sonography machine.
Sequence and analysis for MFI
MFI was performed and analyzed offline on the local disk. The clip was played frame by frame. The maximum intensity-holding sequence was started using the following settings: accumulation at 1.6; dynamic range at 36 dB. The accumulation time for each MFI sequence was 10 to 15 seconds, depending on the perfusion of the target tissue. This modification could maintain the maximum brightness on each pixel and be demonstrated as a consistent vision. The schematic illustration of MFI is shown in Fig. 1 .
Each MFI of lung cancers was evaluated at least 3 times to finding the most visualized tumorous microvascular architecture, and then the result was recorded. Figure 1 . A schematic illustration of MFI. A, Conventional CEUS of pulmonary lesion showed a heterogeneous enhancement at 13 s after injection of SonoVue; the tumorous blood vessels were not clearly identified (Arrow). B, MFI sequence of the same lesion. The visualization of small blood vessels is significantly improved (Arrow). C, Time intensity curve could visually display the principle of maximum intensity holding. Signals of microbubble are accumulated with the maximum intensity holding technique, and each frame includes the information between arrival times to this moment (Arrow). CEUS = contrast-enhanced ultrasound, MFI = microflow imaging. Two independent readers retrospectively reviewed the digital video stored on the local disk. They were not involved in the US and CEUS examinations. Cine clips were presented in a random order, and any identifying information was masked. Before the reading, the readers were shown 9 similar examples of MFI (3 for each pattern) to establish a standardized approach to the interpretation of the information provided in the imaging finding. The 2 independent readers were requested to classify each MFI into 1 of the following 4 patterns: "dead wood" pattern, "vascular" pattern, "cotton" pattern, and undefined pattern. In "dead wood" pattern ( Fig. 2) , the branch of vessels was suddenly interrupted and necrosis was commonly shown in this pattern. Also, the distribution of vessels was inhomogeneous. In "vascular" pattern ( Fig. 3 ), tortuous and meandering tumorous blood vessels were filled with the whole lesion and inner necrosis was rarely shown in this pattern. The vascular distribution was homogeneous. In "cotton" pattern (Fig. 4) , necrosis was rarely shown in this pattern. The tumorous blood vessels were not poorly defined and its distribution was intensive, which were presenting a cotton-like shape. If the characteristics of tumorous vessels could not be identified as 1 of the 3 types above, it belonged to other pattern.
Two radiologists (YW and ZH) from our institution blindly reviewed all of the MFI examination in this study. Each sonographer had at least 5 years of experience in diagnosing lung disease using CEUS. They were aware of the patients' clinical histories and were blinded to the identification, biopsy results, and other imaging findings of the patients.
Calculation of diagnostic rates
On the basis of the pathological diagnosis, the diagnostic capability of the microvascular pattern was analyzed. The final microvascular pattern for each case was made by the consensus of the 2 readers. Sensitivity was defined as TP/(TP + FN), specificity as TN/(FP + TN), and overall accuracy as (TP + TN)/(TP + TN + FP + FN), positive predictive value (+PV) as TP/(TP + FP), negative predictive value (-PV) as TN/(FN + TN), where TP is the number Figure 2 . Dead wood pattern. A, MFI showed the "dead wood" pattern, which meant that the microvessels in lung cancer were visualized clearly at arterial phase, but they gradually tapered off and were interrupted suddenly with a large area of necrosis. B, A schematic illustration of "dead wood" pattern in MFI. CEUS = contrast-enhanced ultrasound, MFI = microflow imaging. 
Histopathological analysis
A biopsy was performed using 18-gauge automatic cutting needle (BARD Magnum, BARD Inc, Tempe, AZ, USA) after CEUS in less than 2 days. The target of biopsy was the most enhanced areas of tumor on CEUS. After careful planning, the skin was sterilized, and local anesthetic was applied using 2% lidocaine (Liduokayin; Yimin, Beijing, China). After the probe was fixed and the guiding needle was inserted into the chest wall, the biopsy needle reached to the target area of lesions for biopsy. Patients were told to hold their breath during the puncture. The whole biopsy procedure was continuously monitored using conventional sonography. The specimens obtained during the biopsy were fixed in 10% formalin for histopathological diagnosis. Immunohistochemistry was performed using antibodies to CD34 (Dako, Glostrup, Denmark), a marker of tumor microvascular, [14] to detect microvascular density and diameter, using previously described techniques. [15] Stained slides were imaged and analyzed by using a microscope (Olympus BX43; Olympus, Tokyo, Japan) with imaging software (Micron, Westover Scientific, Mill Creek, WA, USA). Quantitative analysis was performed by using 2 metrics: the average diameter of the MD and the average density of MVD. Five most vascular areas (i.e., hot spots) with the highest numbers of microvessel profiles were chosen respectively from each sample under a low-power lens (Â100), and then MD and MVD were counted in 5 random high-power (Â400) fields within the defined zone. The accuracy of the final data was verified by the senior pathological doctor (Sun Y).
Statistical analysis
All the patients' information, pathological diagnosis, MFI, MVD, and MD results in this study were transferred to Microsoft Excel 2010 for analysis. The database is only freely available for the doctors in our department in order to keep privacy. All analyses were performed using SPSS 21.0 statistical analysis software (SPSS, Chicago, IL, USA). Enumeration data were given as mean ± SD and were analyzed with an unpaired t test. Categorical variables were analyzed with Pearson x 2 or Fisher exact tests. Kappa test was used to measure the actual agreement between the 2 readers. P < 0.05 was considered statistically significant.
Results
Blinded reading of MFI
The classification results of 4 MFI patterns of lung cancers by the 2 readers were "dead wood" patterns (27.4% and 25.3%, respectively), "vascular" patterns (47.4% and 49.5%, respectively), "cotton" patterns (20.0% and 20.0%, respectively), and undefined patterns (5.3% and 5.3%, respectively). In addition, the Kappa test showed a good concordance between the 2 readers (Kappa = 0.758, P = 0.000). The MFI pattern results are summarized in Table 2 .
With both Reader-1 (Table 3) and Reader-2 (Table 4) , the number of "dead wood" pattern in squamous cell carcinoma was Figure 4 . Cotton pattern. A, MFI showed the "cotton" pattern, which meant that tumorous blood vessels distributed intensively were presenting a cotton-like shape and had poor defined margin. B, A schematic illustration of "cotton" pattern in MFI of CEUS. CEUS = contrast-enhanced ultrasound, MFI = microflow imaging. Table 2 MFI patterns of lung cancer by 2 readers, n (%). higher than that in adenocarcinoma and SCLC (x 2 = 33.654, P = 0.000 and x 2 = 35.252, P = 0.000, respectively). Meanwhile, the number of "vascular" pattern and "cotton" pattern in adenocarcinoma and SCLC were higher than that in squamous cell carcinoma (x 2 = 15.380, P = 0.001, and x 2 = 17.151, P = 0.000, respectively). In addition, there were 5 patients included 1 squamous cell carcinoma, 3 adenocarcinomas, and 1 SCLC were classified into the other pattern.
Group
Diagnostic value of MFI
In 95 lung cancers, 90 (94.7%) were identified with a typical malignant microvascular pattern by MFI analysis. Further evaluation with pathological results, we found that the MFI feature also had a good correlation with histopathological types. The MFI of squamous cell carcinoma was associated with "dead wood" pattern; meanwhile, the MFI of adenocarcinoma and SCLC was associated with "vascular" pattern and "cotton" pattern. The relationship between MFI patterns and histopathology types of lung cancer is summarized in Table 5 and Fig. 5 .
If "dead wood" pattern was regarded as the diagnostic criteria for lung squamous cell carcinoma, its diagnostic sensitivity, specificity, accuracy, positive predictive value, and negative predictive value were 62.9% (22/35), 93.3% (56/60), 82.1% (78/95), 84.6% (22/26), and 81.2% (56/69), respectively. On the contrary, if the "vascular" pattern and "cotton" pattern were regarded as the diagnostic criteria for lung adenocarcinoma and SCLC, the diagnostic sensitivity, specificity, accuracy, positive predictive value, and negative predictive value were 86.7% (52/60), 65.7% (23/35), 78.9% (75/95), 81.3% (52/64), and 74.2% (23/31), respectively. The diagnosis results are summarized in Table 6 .
Microvascular pathological results
The results of CD34 staining showed that MVD of "dead wood" pattern was significantly lower than that of "vascular" pattern and "cotton" pattern (P = 0.002, P = 0.014). On the contrary, MD of "dead wood" pattern was significantly bigger than that of "vascular" pattern and "cotton" pattern (P = 0.001, P = 0.000) (Figs. 6 and 7) . The result also showed that the MD of "vascular" pattern was bigger than that of "cotton" pattern (P = 0.033). MVD of "vascular" pattern was slightly lower than that of "cotton" pattern, but there was no significant difference between the 2 patterns (P = 0.396). There was a good correlation between MFI and PLCs, including MVD (r = 0.668, P < 0.001) and MD (r = -0.673, P < 0.001). The pathologic analysis result is summarized in Table 7 and Fig. 8 .
Discussion
It is undeniable that chest CT now is the best and important technique to screen lung cancer. [16] However, the equipment required for such evaluations may not be available in small peripheral hospitals, and these procedures are usually more expensive than ultrasound. In addition, its machine is inconvenient to move. Moreover, CT has the potential risk of radiation exposure. On the other side, there really exist patients who have CT contrast agent allergy. Ultrasound may provide a potential diagnosis method for these patients if lung lesions are located close to the chest wall. For patients who have undetermined diagnosis by enhanced CT, CEUS could provide a combination or complementary diagnosis information. [17] Also, CEUS-guided biopsy has a high sensitivity and specificity for pathological diagnosis in patients with peripheral lung cancers. [18] However, we believe that there would be no need to perform a biopsy if both CEUS and CECT diagnose the same disease in some cases. Surgical resection without prior invasive diagnosis may be reasonable for malignant disease, while close follow-up may be considered for benign disease. In addition, the WHO divides lung cancer into 2 major classes on the basis of its biology, therapy, Table 3 MFI patterns of lung cancer correlation to histopathology types (reader 1), n (%). Table 4 MFI patterns of lung cancer correlation to histopathology types (reader 2), n (%). and prognosis: nonsmall cell lung cancer (NSCLC) and small cell lung cancer. NSCLC accounts for more than 85% of all lung cancer cases, and it includes adenocarcinoma, squamous cell carcinoma, and other types. The differential diagnosis of different types of lung cancers would benefit to select appropriate treatment strategies and predict outcomes. [17, 19] In the present study, we visualized the microvascular architecture with MFI, based on an accumulation of images and combined with maximum-holding image processing to more distinctly delineate the blood vessels of tissue, and distinguished the difference between the common pathological types of PLC.
Vascular invasion is one of the most important determinants of tumor grade. [20] It has also been reported to be correlated with the degree of histological differentiation. [21] Lung cancer is a hypervascular tumor best diagnosed by dynamic CT. [22] Dynamic contrast-enhanced CT (DCE-CT) could provide a diagnostic assessment for tumour angiogenesis through quantitative evaluation of vascular perfusion. [23] [24] [25] However, CEUS and DCE-CT are not equivalent, as ultrasound contrast agents have different pharmacokinetics and are confined to the intravascular space, whereas the majority of currently approved contrast agents for CT and magnetic resonance imaging (MRI) are rapidly cleared from the blood pool into the extracellular space. [26, 27] Thus, it is easier and more visual to display the tumor microvascular architecture contrast-enhanced agent compared with CT scan. [28] The new contrast agents, such as SonoVue, are more stable and resistant to ultrasound exposure and radiate sufficient harmonic signal by low mechanical index (MI) transmission power, which allows continuous real-time imaging. [29] Also, from a clinical point of view, MFI based on CEUS might provide additional detail information for displaying microvascular morphology in malignant tumor through a noninvasive way. In this study, we found that the pulmonary tumor microvascular architecture mainly displayed as 3 types of the MFI pattern early in the arterial phase: "deadwood," "vascular," and "cotton." In the present study, over 90% of lung cancers represented these neovascularization signs, which could play an important role in the diagnosis of lung malignancies.
MFI could show abnormal feeding vessels in malignant lesions that were not seen or suspected on the conventional contrast images. The number of enlarged and distorted vessels distributed radially increased obviously, and the detection rate of small spiculate vessels surrounding carcinomas increased remarkably. Previous studies have mainly focused on evaluation of microvascular morphologic changes in hepatocellular carcinomas (HCCs) using this new CEUS technique. Moriyasu et al [30] found that the microvascular morphologic changes in HCCs were visualized on MFI. Sugimoto et al [31] reported that different histological degree Table 5 Estimates of MFI pattern detection rate with histopathology type (n). Squamous cell carcinoma  22  13  10  25  2  33  Adenocarcinoma  2  43  30  15  10  35  SCLC  2  13  5  10  7  8  Total  26  69  45  50  19  76 MFI = microflow imagine, SCLC = small cell lung cancer. *
The MFI of squamous cell carcinoma was associated with "dead wood" pattern. † The MFI of adenocarcinoma and SCLC was associated with "vascular" pattern and "cotton" pattern. Figure 5 . The correlation between micoflow patters and pathological finding. MFI feature had a good correlation with histopathological types. The MFI of squamous cell carcinoma was associated with "dead wood" pattern; MFI of adenocarcinoma and SCLC was associated with "vascular" pattern and "cotton" pattern. MFI = microflow imaging, SCLC = small cell lung cancer.
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Medicine of HCC could be classified with MFI; their results demonstrated a high diagnostic value. Du et al [11] has published a similar research on the classification of breast lesions as benign or malignant with MFI. The further analysis of this study demonstrated that MFI of squamous cell carcinomas mainly assumes as a "dead wood" pattern; the "vascular" pattern and "cotton" pattern were mainly shown in adenocarcinomas and SCLCs. Overall, its diagnostic specificity, accuracy, positive predictive value, and negative predictive value were 93.3%, 82.1%, 84.6%, and 81.2%, respectively. However, the sensitivity of this feature was low [62.9% (22/35)]. Except the 22 cases that fitted "dead wood" pattern, there were 10 "vascular" patterns, 2 "cotton" patterns, and an undefined pattern included in squamous cell carcinoma. It should be noted that the presence of "dead wood" pattern suggests squamous cell carcinoma, but its absence does not exclude squamous cell carcinoma.
In this study, we avoid the clinical information, including age, clinical feature, medical history, and so on, before the 2 independent readers retrospectively observe the feature of neovascularization. Then, the MFI patterns of each reader were tested by Kappa test. The result demonstrated a good diagnosis concordance between the 2 readers (Kappa = 0.758). It means that the recognition of microvascular in lung cancer was replicable with MFI, even though the feature is a bit subjective.
The research about the correlation between CEUS and MVD was mostly reported in recent years. [32, 33] These results demonstrated that using CEUS could display the information of vascular perfusion inside the tumor and it also could be a good method for evaluating the MVD in malignant tumors. CEUS provided a reliable assessment of tumor vascularity. [34] Wang et al [35] reported that the peak intensity (PI) and area under the curve (AUC) in CEUS could reflect the MVD in ovarian tumors. Luo et al [36] also showed that the enhanced degree of CEUS of squamous cell carcinomas was lower than that of adenocarcinoma. The morphology of blood vessel in the malignant tumor was tortuous and meandering. The characteristic that depended on its biologic action was different from the normal blood vessel. Yamashita et al [37] divided the tumors into 2 groups according to the diameter of blood vessels as big (>0.1 mm) group and small (0.02∼0.1 mm) group; results showed that the correlation of small blood vessels of lung carcinomas was greater than large blood vessels (r = 0.77 and r = 0.59). Enhancement characteristics of lung carcinomas reflect the number of small tumorous vessels.
In our histopathological analysis, the MVD of "dead wood" patterns was lower than that of "cotton" patterns and of "vascular" patterns, whereas the MD of "dead wood" patterns was higher than that of "cotton" patterns and of "vascular" patterns. The wider diameter and heterogeneous distribution of microvascularity in tumors could reflect "deadwood" pattern, and the irregular necrotic tissue frequently occurred in "deadwood" pattern. "Dead wood" pattern might become the diagnostic clue to lung squamous cell carcinomas. On the contrary, the slender diameter and homogeneous distribution of microvascularity in tumors could reflect "vascular" pattern and "cotton" patterns, and the necrosis area occurred was small or less. "Vascular" and "cotton" patterns might become the diagnostic clues to lung adenocarcinoma or SCLC. The "dead wood" patterns might be correlated with the shape of necrosis and larger vessels, while the "vascular" patterns and "cotton" patterns might be correlated with the intensive distribution of neovascularization and smaller vessels in the tumor. The pathological correlation analysis provided important evidence for the different MFI patterns in peripheral lung cancer.
Although MFI could well demonstrate the neovascularization of lung cancers and may be helpful for further distinguish Unless stated, numbers in parentheses are the numbers of lesions used to calculate the percentage. "Dead wood" pattern was regarded as the diagnostic criteria for squamous cell carcinoma, "Vascular" or "cotton" patterns were regarded as the diagnostic criteria for adenocarcinoma or SCLC. All data are percentages. MFI = microflow imaging, +PV = positive predictive value, -PV = negative predictive value, SCLC = small cell lung cancer. different types of lung cancers, it has several limitations compared with CT. First is the restriction of ribs and lung gas. Sometimes, lung tumor is not totally displayed by ultrasound due to gas or rib; thus, some neovascularization information may be missed by the MFI patterns analysis. Moreover, ultrasonography also could not display tumors in the central position of lung tissue. Second, also, it should be noted that 5 of 95 patients in this group presented an undefined MFI pattern (not belong to the 3 main patterns, including 1 squamous cell carcinoma, 3 adenocarcinomas, and 1 SCLC). This result indicated that the MFI pattern could not cover all types of peripheral lung cancers. We should be careful in making a diagnosis for some atypical cases. The last limitation was that the neovascularization might also be related to histological differentiation degree of lung cancer. In this study, we only investigated the difference of MFI among squamous cell carcinoma, adenocarcinoma, and SCLS, so the diagnosis results would be influenced by histological differentiation of lesions.
Conclusions
The vascular angioarchitecture of lung cancer could be evaluated using MFI, and MFI showed a good correlation with pathological result. The results of this study demonstrate the feasibility of noninvasive preoperative diagnosis of different histopathological types of lung cancer using CEUS, with a high degree accuracy and objectivity. Figure 7 . A 62-year-old female with adenocarcinoma in her left lung. A, MFI showed the microvascular presented as "vascular" pattern 11 s after injection of SonoVue; the target of biopsy was the most enhanced areas of tumor on CEUS (ellipse). B, Pathological examination demonstrated that there was intense and small neovascularization in the lesion and the average of MVD and MD was 52.1/ HP and 10.1 mm, respectively (anti-CD34 antibody, original magnification x200). CEUS = contrast-enhanced ultrasound, MD = microvascular diameter, MFI = microflow imaging, MVD = microvascular density. Table 7 MVD and MD of lung cancer according to MFI patterns.
MFI MVD (n/HP) MD (mm)
Dead wood * , † 25.8 ± 5. There was a significant difference between "dead wood" pattern and "vascular" pattern in MVD and MD (t = À2.893, P = 0.009 and t = 2.244, P = 0.037). † There was a significant difference between "dead wood" pattern and "cotton" pattern in MVD and MD (t = À2.737, P = 0.015 and t = 12.076, P = 0.000).
There was no significant difference between "vascular" pattern and "cotton" pattern in MVD (t = À 1.454, P = 0.165). MD of "vascular" pattern was higher than that of "cotton" pattern (t = 2.663, P = 0.017). Figure 8 . MVD of "dead wood" pattern was significantly lower than that of "vascular" pattern and "cotton" pattern (P = 0.037, P = 0.038). On the contrary, MD of "dead wood" pattern was significantly higher than that of "vascular" pattern and "cotton" pattern (P = 0.010, P = 0.000). MD = microvascular diameter, MFI = microflow imaging, MVD = microvascular density. 
